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X. INTRODUCTION 


N. G. Toaatko and L. R. Dooae aarvad as tha aciantific invaatigatora for 
tha Solar Flux RadioaMtar (LSFR) axparinant on tha large Pionaar Vanua proba 
that antarad tha Vanua ataoaphara on Dacaad>er 9, 1978. Thia axparioant 
•uccaaafully naaaurad tha profilaa of upward, downward and nat aolar flux on 
Vanua at altitudaa from about 62 km to the aurfaca in thraa apactral banda at 
a vartical reaolution of a faw hundrad matara. Thaaa data meaaurad tha 
panatration and abaorption of aolar energy in Venus' lower atmosphere - 
quantities that are essential in evaluating the role of thr greenhouse 
mechanism in supporting Venus' remarkably high surface temperature. In 
addition, the data constrained the vertical structure and optical properties 
of the Venus clouds - a part of the Venus atmosphere of considerable interest 
and importance in its own right. 

For the period up to one year following the Venus encounter (during 
calendar year 1979) support was received from the Pioneer Project Office at 
Ames Research Center for the reduction and preliminary analyses of these data. 
As might be anticipated following such an unique experimental program, the 
analysis and interpretation of these new data were hardly complete at the end 
of one year. Support was obtained from a grant through NASA Headquarters 
(NAGW-5S) for the further analysis and publication of the results of this 
experiment for a period of two additional years (January 1, 1980 - March 30, 
1982). This final report susmiarizes briefly the work accomplished with the 
support of grant NAGW-5S. More complete discussion of the results of the LSFR 
experiment and their implications for the cloud structure and thermal balance 
of Venus can be found in the scientific publications describing this work (see 
list on pages 15 and 16 below and the attached reprints and preprints). 
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II. WORK ACCOMPLISHED 


During the first of these two years, we proposed to work in four wain 

areas: 

1. to build 3 B»del for the clouds of Venus consistent with the LSPR and 
other available data; 

2. to use the cloud model to evaluate che globally averaged solar net flux 
profile and to compare it to the best measurements and calculations of the 
thermal net flux profile to study the thermal balance of Venus' lower 
atmosphere; 

3. to use the LSFR data containing azimuthal structure to estimate the 
optical depth of the clouds above the large probe at the beginning of data 
collection; 

4. to compute the spectrum of the downward solar radiation at the Venera 
11/12 entry sites for the PV cloud model and to consider the revisions in 
the model necessary to reproduce the Soviet results. 

During the second year, we proposed to continue work on the third and fourth 

tasks above, and in addition to work in two other areas: 

5. to prepare a review chapter on the thermal balance of the lower atmosphere 
of VeniiS for the book VENUS being prepared by Hunten, Colin, Donahue, and 
Moroz; and 

6. to consider further the problem of reconciling the visible and thermal 
opacity of the clouds at pressure levels of OOO mb which became apparent 
during the first year. 

Our progress in each of these areas is outlined briefly. 
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A. Cloud Mod^la 

A Min goal of this work was to build a cloud aodel vhich would closely 
reproduce the LSFR broadband solar flux prof ilea at the Pioneer Venus Sounder 
entry site. This goal was accomplished during the first year. The model 
incorporates particle sise distribution data from the Cloud Particle Sise 
SpectrcMseter (LCPS) experiment and is consistent with flux measurements at the 
ground made at the Venera 8 through 12 entry sites. The results indicate that 
about 2.5Z of the sunlight incident on Venus is absorbed at the ground. 
Detailed results appear in a series of articles in the special Pioneer Venus 
issue of J.G.R. (December 1980 - see bibliography below). 

Recently we have become aware of labeling error in the description of our 
best fitting cloud model (model F) in our article "Measurements of the Flux of 
Sunlight in the Atmosphere of Venus", JGR 85 8167, 1980 (called paper I 
below). The smallest cloud particles (termed sixe mode 1) were described as 
having a refractive index of 1.A4 in this model when in fact the model was 
computed using a refractive-index of 1.93 for the mode 1 particles, as would 
be appropriate if these small particles had a large sulfur component. With 
other support, we are preparing a note for publication pointing out the 
labeling error in the index of refraction of the mode 1 particles in the 
published model, indicating the change in fluxes (M5Z) which results when an 
index of 1.44 is actually used in the siodel F structure, and pointing out the 
changes in the optical thicknesses of the mode 1 component necessAry to bring 
the model solar fluxes agai.i into agreement with the measured values for an 
index of 1.44 for mode 1. It is interesting to note that amorphous sulfur 
recently has been suggested as the ultraviolet absorber by Toon et al. (Icarus 
in press 1982), so model F using an index of 1.93 for mode 1 may in fact 
remain as one of the best attempts to fit the optical scattering properties of 


the Venus clouds. 
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B. Globally Averaged Solar and Th<m«l Radiative 
Fluaea and the Tharaal Balance 

Deapita the Incorrect label for the refractive index of the node 1 
particlea, nodel F of our paper I describes the neasured solar fluxes at the 
PV large probe entry site quite well. Assuming the cloud structure is sinilar 
at other aites, (and the Venera data suggest that it is) we have computed the 
globally averaged solar flux profile. This profile is compared with the 
thermal flux profiles originally measured by the Net Flux Radiometer (SNFR) 
experiment on the small PV probes in the article "The Thermal Balance of Venus 
in Light of the Pioneer Venus Mission", by Tomasko et al., JGR 85, 8187, 1980 
(paper 11 below). The thermal flux measurements were greater than the global 
net solar flux profile estimated from the LSFR experiment. This implied 
either a large error in at least some of the measureaients or the existence of 
significant "windows" in the thermal opacity of the gases in the Venus 
atsx>sphere at high temperature and pressure. Recently, Revercomb et al. 
(Icarus in press, 1982) have identified an effect which could have 
systematically increased the thermal flux sieasurements. Revising these 
measurements to correct for this effect results in thermal fluxes in 
approximate agreement with the measured solar fluxes, and indicates that the 
greenhouse mechanism is indeed primarily responsible for the high surface 
temperature of Venus. More details are given in the attached preprint "The 
Thermal Balance of the Lower Atmosphere of Venus" by M. Tomasko (paper III 
belowl which will appear in the book VENUS currently in press. 
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C, Viiible Optical Depth Above Probe «t Beginning 
of Data Collection 

The aciwiChel structure of the solar radiation field was awaa^ired at 
three altitudes during the early part of the descent. During the third of 
these three sets of ■easurenentsi the probe was falling nearly vertically and 
the location of the data samples was that planned for the experiment. This 
third data set was analyzed during the first year of this work and published 
in paper I. The results (Fig. 5 of of paper I) indicate a visible cloud 
optical depth between about 3.5 and 4 above the<^100 mb level. 

The first and second data sets were obtained just after deployment of the 
main parachute on the large probe while the probe was turning from its 
relatively flat entry trajectory to falling vertically on the parachute. The 
exact location of the data samples relative to the sun depend critically on 
the angle of attack of the spacecraft when the data were taken - values which 
are not well known. Thus, the data from the first two data sets have not been 
able to improve materially the optical depth estimate obtained and published 
for the third measurement set. Nevertheless, the optical depth estimate from 
the third measurement set has proven to be quite useful in constraining cloud 
properties below the level probed well by orbiter measurements and above the 
region sampled directly by instruments such as the particle size spectrometer 
nnd the nephelometers on the probes. 
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D. Model for C<»p«ri»oo with the Venera 11/12 Spectra 
of the Do%mward Intensity Below the Clouds 

The broad-band LSFR neasurenents give directly a good awasure of the 
Bolar flux in the apectral bands from 0.4 - 1.0 urn, from 0.4 - 1.8 urn and in a 
narrower band from 0.59 - 0.67 urn at the large probe entry site where the 
solar senith angle was 65.7*. In order to scale these measurements to other 
solar senith angles and to globally averaged conditions, model calculations 
are necessary. The models must be computed on a frequency grid tdiich is 
sufficiently fine to include, in some manner, the molecular absorptions in the 
spectral interval where solar radiation is found. Many strong CO^ bands are 
found in the region from 1-4 um, such that little solar radiation in these 
wavelengths penetrates to the ground. Also, adequate laboratory measurements 
exist for the strengths of the strong bands found in this region. On the 
other hand, in the region shortward of 1 um, the CO 2 bands are weaker, more 
difficult to measure in the laboratory, and in a spectral region %rhere 
significant sunlight can penetrate to the ground. While some formulation of 

weak COj and H 2 O absorptions was used in our earliest LSFR broad-band models, 
we were eager to compute spectra using the models for cuaparison with the 
spectra of the downward intensity field measured at various altitudes on Venus 
by Venera 11 and 12. 

This comparison has been done at various levels of approximation. In the 
first step, our modeling program was used with no modifications to evaluate 
spectra at the Venera 11 and 12 sites (see Fig. 15 in paper I). At this level 
of comparison, several similarities were found as well as some significant 
differences with the Venera spectra. First, the major absorptions in the 
region between 0.4 and 1.0 um occurred in both spectra at about the same 
locations. However, the shape of the absorption at the blue end of the 
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•pectrum, the "continuun** level between the bands, and the shapes of the bands 
obviously were not in detailed agreesMnt. 

As a second level of approxiwation, we modified our progr«a to include 
the continuum opacity in the visible due to the far wings of strong CO 2 bands 
beyond 1.0 pm using an algorithm employed by the Soviets; the variation of 
ground reflectivity with wavelength swasured by Venera 9 and 10; a better 
description of the blue absorber reported by the Soviets in their analyses of 
Venera 11 and 12; and an improved water vapor abundance profile. The 
agreement of our computed spectrum with the Venera 11 '12 spectra were not 
significantly affected by these changes. 

In our third round of models, we included the Elsasser band treatment of 
the visible CO 2 and H 2 O absorptions used by Moroz et al. (1979, Cosmic Res. , 
17, 727). Two main conclusions came from this effort. First, these models 
produce broadband fluxes in good agreement with LSFR measurements despite the 
changes in the details of the treatment of the visible absorption bands. 
Second, models computed with this approach yield high resolution spectrr ;hich 
cannot be compared directly with the Venera spectra before smearing with the 
Venera spectral resolution function which is not well known (at least to us). 
When Gaussian smearing functions are convolved with the model profiles, the 
wavelengths of the absorptions are not in agreement with the locations of the 
observed absorptions. Apparently, either the spectral response function is 
very asymmetrical, or significant errors are present in either the absorption 
strengths given in Moroz et al. (1979) or in the wavelength calibration of the 
published Venera spectra. 

Finally, in an attempt to better reproduce the wavelengths of some 
features in the Venera spectra, we compvited some models using a combination of 
absorption strengths for the H 2 O bands shortward of 0.8 /im taken from 
McClatchey et al. (AFCRL Environmental Research Papers, No. 411, 1972) with 
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the other H^O bende end the CO 2 bende followint the Soviet Bleesser treataent. 
In this caae, the reaulta ahow a diacrepancy bet«reen the relative atrengtha of 
the H 2 O and CO 2 banda - the CO 2 band atrengtha in Moroa et al. (1979) are too 
atrong to aatch the obaerved apectra. The R 2 O banda are in rather good 
agreeaent with the Venera apectra, although the coapariaon again dependa 
aoaeuhat on the inatruaental profile. Further laboratory data on the weak (X )2 
banda at 0.76 ^a and 0.85 pm are neceaaary to aake a aeaningful detailed 
coapariaon, but theae weak banda are difficult to aeaaure in the laboratory. 
Indeed, the beat approach for the present aay be to uae the Venera apectra to 
deteraine the abaorption coefficient of theae banda. In any caae, we have now 
checked the treataent of theae banda in aeveral of our Venua otodela and have 
confirmed that they are in reaaoi.«'ule agreement with the Venera apectra, and 
ao can be uaed with confidence in the extenaion of our broad~band PV models to 
other aolar xenith anglea. 


E. Review Paper on Thermal Balance 

Part of this grant waa uaed to aupport the preparation of a review 
chapter on the thermal balance of Venua' lower atmosphere (paper III) in the 
book VENUS being edited by Hunten, Colin, Donahue and Moroa which is currently 
in preaa. A preprint of thia paper ia attached. 


F. Mode 0 Opacity 

Schofield and Taylor (Icarua 1982, in preaa) have reported that the 
thermal opacity (at ^11 ;im) due to clouda muat reach unity near the 100 mb 
level over moat of the planet to account for the thermal emisaion obaerved by 
the Infrared Radiometer (OIR) experiment on the PV orbiter. The aximuthal 
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•tructurc obaarvcd by the LSFR experlMitt at 0.63 at about the 100 ab 
praasura laval indicataa a vitibla optical depth of ^4 for clouds above thia 
level at the large probe entry aite, Aasiuiing that the cloud particlee are 
coapoaed of sulfuric acid and extrapolating the particle sise distribution 
•easured by the LCPS instrusant at slightly deeper levels to greater 
altitudes » it aeeaed that the infrared and visible cloud opacities were not 
c<mpatlble. Of course, the structure near the cloud top could have been 
aoaiewhat different froa average conditions, but early estiaates of the 11 u« 
optical depths required by the OIR end coaputed from the visible cloud opacity 
differed by a fairly large factor of about 2, and no hot spots were reported 
in thensal asps at the relevant latitudes. 

Suoai et al. (1980, JCR 85, 8200) proposed the existence of an 
additional distinct SK>de (teraed aode 0) of very tiny aerosol particles which 
aight not be detected by the LCPS or the LSFR experiaents because of the saall 
sise of the particles, but which could have sufficient aerosol smss p«4 unit 
area of the atmosphere to contribute significantly to the 11 >ia opacity. 

While the suggestion of these tiny aerosols suffered froa the need for a very 
high prodi^ction rate for replenishaient in the fa<'e of rapid coagulation, the 
need for additional theraal opacity was clear, and n* proposed to exaaine the 
problem briefly in our second year. 

During this year, several developments occurred which reduce the apparent 
conflict between visible and infrared cloud opacity in this part of the 
atmosphere. First, we became aware of the sensitivity of the theraal to 
infrared opacity ratio to the assumed partition of aode 1 and aode 2 particles 
(with effective radii of«'0.5 and 1.1 /la, respectively) into the region above 
that swasured by the LCPS. Extrapolating upward from the highest altitude 
LCPS data^we assumed roughly equal visible optical depths of evde 1 and aode 2 
in the calculation of model F and obtained an 11 )ta opacity of«0.6 rather than 
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1 «t 100 Bow«v«r, «t a fr«Murc Itvcl of*/40 the Cloud 
PhotopolariMtcr (OCPP) experiMnt finds that aoda 1 contributas £15X to tha 
visible optical depth. If nearly all of the visible opacity above 100 ab is 
dus to iK»de 2 particles, the corresponding 11 tm opacity would be **0.8, alaost 
1 as required. 

Second, Toon and Blaaont (1982, Icarus, in press) have recently suggested 
that the still larger node 3 particles OMasured in the middle and lover clovd 
layers occur as a natural large particle tail of the node 2 particle 
population. This would imply that some of these larger particles might also 
exist in the less dense upper cloud region as well, ifhere poor sampling 
statistics may have prevented their ?seasurement by the LCPS. The large 
particles in mode 3 have a much larger infrared to visible opacity ratio than 
the particles in modes 1 or 2, and sc even a relatively small visible optical 
depth of these particles could perhaps make up the last O.i or 0.2 of the 11 
Sim opacity required above the 100 sd) level. 

Finally, the labeling error in the refractive index of mode 1 in our 
model F calculations aieans that these particles were aiore effective visible 
scatterers than we realized when papers 1 and II t?ere published. If only half 
of the mode 1 particles (instead of all cf them) in model F were converted to 
mode 2 above 100 mb, the 11 mb opacity would be nearly the required value. 

Thus, while detailed thermal flux calculations near 11 pm still remain to 
be done for comparison with the OIR data, we feel we have identified several 
effects which substantially reduce the need for a new mode of previously 
unseen particles with their attendant |dtysical problems. A somewhat more 
detailed discuaaion of these effects is given in paper III. 


In sunmary, tre believe we have extracted a great deal of information from 
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thcie data during tha past two yaara and baaieally hava accoapliahad tha taaka 
propoaad undar thia grant. Highlights of tha raaulta of our cnal/aia ineluda 
tha following: 

1. Tha wiaauraMnt of tha upward, downward, and nat profilta of solar flux 
froB 0.4 - 1.8 fim at the large probe PV entry site froB«*62 km to tha 
surface with a vertical resolution of a few hundred aeters. These data 
have been placed in the PV UAOS system and transmitted to the National 
Space Science Data Center. 

2. Fitting this profile with a cloud model, and evaluating the solar net flux 
profile for globally averaged conditions. This profile showed thatA'2.51 
of the sunlight incident on Venus is absorbed at the ground - an amount 
sufficient to produce a very strong greenhouse effect which dominates the 
thermal balance of Venus' lower atmosphere. 

3. Determining several details ot the cloud structure on Venus including 

a. a visible optical depth of «w4 above 100 wb; 

b. the existence of three distinct cloud layers with boundaries at 57, 

50 end 48 km, as well as the optical thickness of each and; 

c. the confinement of the abserption of significant solar energy by cloud 
particles essentially to only the upper cloud. 

4. Exerting significant impact on the interpretation of data from other 
experiments including 

a. the indication that the mode 3 particles suiy not be spherical or that 
the calibration of the large particle sise range of the LCPS should bi> 
readjusted based on the relatively small flux 'change observed in the 
middle and lower clouds, and; 

b. the need for re-examination of the thermal net flux sseasurements in 
light of their large values compare^l with the solar fluxes. 
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We do plan wO continue to incorporate the LSFR data in other itudieu of 
Venus' ataosphere including a aodel of the radiative heating rate profile in 
the clouds and above, a study of the penetration of short wavelength solar 
radiation into Venus' ataosphere, and continued comparisons between the broad- 
band LSFR data and the Soviet visible spectra obtained beneath the clouds. 

We are very grateful to hsve had the opportunity to participate in the 
Pioneer Venus program, and are very appreciative of the support we have 
received through grant K4CW-S5 for the extended analysis of these unique 
aeasurements. 
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